. Colonial variation inXanthomonas campestris NRRL B-1459 and characterization of the polysaccharide from a variant strain. Can. J. . Stock cultures of Xanthomonas campesrris NRRL 8-1459 require special attention to maintenance and propagation to assure consistent production in good yields of the extracellular polysaccharide xanthan. Under customary conditions ofpropagative maintenance on agar slants, variant colony types develop that are smaller in size than the normal type. The rate of regression of the normal to the variant forms was diminished when the o-glucose content of the stock medium was sufficient to avoid depletion during storage and when transfer to fresh medium was reduced to l4-day intervals. Under conditions for polysaccharide production, the normal largecolony type gives crude culture liquors after 48 h of 7000 centipoise (cp) viscosity; the predominant variant form gives only 4000 cpo On the basis of2.1 % initial o-glucose, biopolymer yields for the normal and variant strains were 62 and 43%, respectively. Polysaccharide produced by the variant (small-colony type) differs adversely in solution propenies from that of the parent strain (Iarge-eolony type): it differs also in its lower content of pyruvic acid and O-acetyl substituents. The molar ratios ofconstituent sugars (o-glucose. o-mannose.
Introduction applications in food and nonfood industries (8). The exocellular anionic heteropolysaccharide
This hydrophilic colloid has advantages over (xanthan) from X anthomonas campestris NRRL2 colloids of land plant origin because by con-B-1459, now produced industrially in both the trolled fermentation a product of constant and United States (II) and Europe (6) , has numerous reproducible quality and properties results.
However, the physiological state of the strain Scientists (16, 17) at the Northern Laboratory have established microbial and bioengineering procedures that favor reproducible fermentations with this strain and batch-type production of its biopolymer. Under conditions of continuous fermentation, however, development of variant forms and eventual cessation of polysaccharide production have been observed (18) . It now has been found that variant colony forms develop also during maintenance of the culture under certain propagative conditions and that one variant strain produces polysaccharide in lower yield and differing in some aspects of composition and properties from the polysaccharide originally reported (10) for the normal strain.
In view of the increasing industrial, food, and academic usage of xanthan gum, procedures for maintenance and propagation of X. campestris B-1459 must be established that assure a homogeneous population of cells which produce polysaccharide of high quality in optimum yields.
Materials and Methods

Media
Media for cultivation of stock cultures were yeast malt (YM) agar (7), tryptone-glucose-yeast (TGY) agar (7), and T2GY (TGY containing 0.2 to 1.0% o-glucose) agar; YM broth was also used for propagation of cells. Production medium contained 2.1% o-glucose (sterilized separately), 0.8% distillers' dried solubles, 0.5% K 2 HPO.., and 0.01% MgSO.. in tap water and was adjusted to pH 7.0.
Maintenance
Strains of NRRL B-1459 were preserved by lyophilization (7) . To initiate growth, the contents of a lyophile tube were transferred aseptically to, and suspended in, 7 ml of sterile YM broth and incubated for 24 h on a shaker. This broth culture was transferred onto YM agar slants, incubated for 24 h at 25 ec, and stored at 4°C; purity (large colonies of uniform size and color) was determined by streaking YM agar plates and incubating them for 3 days at 25 to 28°C. Stock cultures were transferred (small loop) to fresh slant medium (less than 1 month old) every 14 days and incubated no longer than 18 to 20 h at 25 'c. Optimum biopolymer production was assured by starting agar-slant cultures from a fresh lyophile culture every 3 months.
Gum Productivity
Conditions for production of xanthan gum on laboratory and pilot-plant scales have been reported before (15) (16) (17) . For our study we used the following method to test the productivity of a particular strain of X. campestris: a loopful of inoculum from a fresh stock culture (not more than 3 days old) was transferred to 7 ml of sterile YM broth contained in a 18 x 150 mm tube (first stage) and incubated at a 25°inclination on either a reciprocal shaker (100 strokes/min; 6.3 cm each) or a rotary shaker (160 rpm; 7.5 cm eccentric) for 24 hat 28°C. The first-stage culture was added to 43 ml of YM broth in a 3OQ-ml Erlenmeyer flask, and this second stage was incubated 18 to 24 h on the rotary shaker. For the third and last stage, 500 ml of production medium, contained in a 2800-ml Fernbach flask with a gauze-covered cap (four 6-in.-diameter gauze-faced disks (milk filters», was inoculated at the rate of 5% v/v and incubated on the rotary shaker (200 rpm) for 48 h. After water was added to compensate for evaporation loss (about 2%), viscosity was measured with a Brookfield 3 model LVF viscometer at 30 rpm and 25°C. A good fermentation developed viscosity greater than 6800 centipoise (cp).
Recovery ofProduct
Polysaccharide B-1459 has been recovered by several precipitation and drying procedures on both laboratory (10) and pilot-plant scales (I, 15, 16) . In our work, we used the following procedure to recover purified xanthan suitable for analysis: crude culture liquor, prepared as described, was diluted with distilled water and ethanol (up to 40% v/v) while stirring rapidly until the viscosity was about 300 cpo Most of the cells and other debris were removed by continuous centrifugation at 50 000 rpm (Sharples type T-l, Sharples-Stokes Co., Warminster, Pennsylvania). Gum was precipitated by the addition of first 1% KCI (based on water equivalent) and then ethanol to 55% (v/v). Precipitated gum was separated from the supernatant fluid on a stainless-steel sieve. Polysaccharide was redissolved in sufficient water (and alcohol to 40% v!v) to attain a viscosity of 40 to 50 cp, centrifuged to remove additional cells, and reprecipitated. The product was redissolved again in water to about 500 cp, reprecipitated, and dissolved in water to about 300cp. The solution was dialyzed against distilled water (25°C) until either the conductivity of the water was constant or pH of the gum solution was about 4.5. The solution was adjusted to pH 6.2 with 1 M KOH,.passed through a sintered glass filter (medium, Pyrex No. 36060), concentrated, and lyophilized.
Isolation and Characteristics of a Variant Strain
Initially, cultures of B-1459 were maintained on either YM or TGY agar, transferred to fresh medium at least once a week, and incubated for 24 h at 25°C. After 12 to 18 months, these cultures gave significantly lower yields of polysaccharide. When they were streaked on YM agar plates and incubated for 72 h at 25°C, two distinct colony types arose as evidenced by size and pigmentation. Large (L) (4 to 5 mm diam) light yellow mucoid colonies and small (Sm) (about 2 mm diam) darker yellow mucoid colonies were about equal in number. Very small nonmueoid colonies (about 1 mm diam) also were observed occasionally. Subsequent plating of L colonies yielded 98 to 100% of the L type; sequential plating and reisolation resulted in L strains that produced colonies of uniform size and color when streaked on YM plates. When carried through batch fermentations for polysaccharide production, the selected L strains did not revert to mixtures of Land Sm colony types.
Sm colonies, when isolated from YM agar plates 3The mention of firm names or trade products does not imply that they are endorsed or recommended by the U.S. Department of Agriculture over other firms or similar products not mentioned. streaked with the aged stock culture and replated, yielded from 50 to 100% of the Sm type. Upon sequential plating, reisolation, and restreaking, Sm-type colonies appeared to produce only small colonies and, when carried through a batch fermentation for polysaccharide production, a selected Sm strain (S m 2) retained its distinctive characteristics. However, the observation stated above that at least certain Sm colonies can revert to the L type, accords with a previous report (18) .
Analytical Measurements
Inorganic contents of purified polysaccharide were determined on dry samples by standard microanalytical methods: (i) nitrogen, by the Kjeldahl procedure (22); (ii) phosphorus, gravimetrically as ammonium phosphomolybdate (22) ; and (iii) ash, as the sulfate of cations present, by adding several drops of 9 N H 2 S0 4 to the sample and igniting at 600°C, adding several drops of both 9 N H 2 S0 4 and 7.5 N HN0 3 and ashing again (microburner), and repeating the last treatment if traces of carbon remain.
When plentiful volumes of solution were available for viscosity measurement, such as crude culture liquors and their dilutions undergoing purification, a Brookfield viscometer model LVF (Brookfield Engineering Laboratories, Inc., Stoughton, Massachusetts, U.S.A.) was used at 30 rpm and 25°C.
For characterization of purified polysaccharide solutions, however, viscosity was measured with the WellsBrookfield micro viscometer (cone and plate, model RVT) at 3. Solutions containing a minimum of extraneous ionic matter were used to determine the effect of pH on viscosity. Test solutions were made by judicious admixture, so as to maintain constant polysaccharide concentration, of two solutions: (i) consisting of the free-carboxyl form of the polysaccharide obtained by decationizing a 0.5% solution of the polysaccharide (neutral K-salt form) on a column of AG 50W-X4 resin (20 to 50 mesh, H+ form, Bio-Rad Laboratories) and (ii) having a final concentration of 0.5% polysaccharide, made by adjusting the pH of a solution of the polysaccharide (neutral K-salt form) to pH 11 to 12 with dilute KOH. The pH of the decationized solution is 2.20 ± 0.02; acetic acid is added to obtain lower values.
The ratio of component sugars in xanthan was determined by radiochromatographic analysis of an acid hydrolyzate after reduction with 3H-sodium borohydride (12) .
. Pyruvic acid was measured in an acid hydrolyzate of xanthan by an enzymic procedure (4) .
O-acetyl was determined by the hydroxamic acid method (14) .
Results
Maintenance ofL-type Culture
The stability of stock cultures of strain NRRL B-1459, L type, as indicated by the rate and ex- 'L = large colony; S.. = small mucoid colony.
tent of regression to the 8 m variant, is influenced by both the frequency of transfer and the composition of the media. Biweekly transfer to fresh slant media resulted in best stability. More frequent transfers led to rapid regression to the 8 m form. Regression was slowest on YM agar (Table  1) . For biweekly transfer, YM was markedly superior to TGY and even at the unfavorable weekly transfer rate, YM was superior to T2GY. The low sugar level (0.1%) ofTGY led to culture deterioration within 10 months (Table 1) whereas D-glucose levels of 0.2 to 1.0% in T2GY afforded improved stability. Cells that form small colonies have been found, however, in inocula grown from stock maintained on T2GY agar and transferred biweekly for no longer than 3 months (18) . After 14 days' storage of cultures on agar slants, viable cell population diminishes rapidly. Maintenance on TGY agar containing less than 0.2% D-glucose reduced the number of viable cells to zero in only 28 days, whereas higher sugar levels preserved some viability up to 42 days.
It has not been established whether the 8 m type shows stability comparable to the L type when maintained under conditions that are the best for the L type. Reversion of 8 m to L appears to occur but the factors influencing this change . are not known.
Polysaccharides of Land Sm-variant Strains
Yield and quality of product were tested for typical L (B-1 459-L6) and 8 m (B-1 459-8 m 2) strains. After 48 h of incubation in production medium, crude culture from strain L gave viscosities of 7000 cp, whereas the 8 m culture gave Apparently, PS-L resembles PS-P, especially at the higher polysaccharide levels, whereas PS-S m exhibits a different viscosity pattern in the presence of KC1, since it gives lower viscosities at the higher salt levels than do the corresponding concentrations of PS-L and PS-P.
The viscosities of salt-free solutions of the biopolymers (0.5%) isolated from Land Sm colony strains also responded differently to changes in pH (Fig. 2) . For both products, the viscosity was essentially constant between about pH 5.0 and 8.5. As pH decreased to abo).lt 2.0 or increased to about 9.5, however, viscosity of PS-S m decreased, whereas that ofPS-L increased. The originally reported polysaccharide (PS-P) from NRRL B-1459 (10), which is also shown in Fig. 2 , behaves similarly to PS-L.
The rheological properties of PS-S m resemble those of PS-L and PS-P in being of the plastic type and having a moderately high working yield value (PS-S m : 17 dynes/cm 2 ; PS-L: 21), 
Characteristics of polysaccharides (PS) isolated from the large (PS-L) and small (PS-S m )
colony strains were compared, along with the biopolymer isolated previously from a parent strain (PS-P). Meaningful differences were observed in the nature of the precipitates obtained when the polysaccharides were precipitated from stirred aqueous solutions containing 1% KCI by adding ethanol to 55% concentration. PS-P and PS-L separate as cohesive strings of flocculent particles which tend to wind around the stirrer. In contrast, PS-S m forms short noncohesive particles which are nearly transparent until excess alcohol is added.
The slightly lower values of nitrogen, phosphorus, and ash for PS-S m than for PS-L (Table  2 ) are believed to reflect merely the relative ease of purification.
Viscosity measurements on the three purified polysaccharides, when observed in our usual way in the concentration range 0.1% to 2.0% (8, 10) , revealed apparently minor differences in the shear ranges available in the micro cone-andplate viscometer. For the three samples, viscosities at 0.5% concentration were in the range of 1000 cp to 1800 cp and at 1% the range was about 2900 cp to 3500 cpo Significant differences do exist, however, as shown by the intrinsic viscosity values [11] = 34 for PS-L and [11] = 23 for PS-S m (measured in 0.01 M ammonium acetate at 25.0°C and expressed in del/g).
Differences in solutions of polysaccharides PS-L, pS-Sm,.and PS-P are shown also by the effect of salt concentrations on viscosity (Fig. 1) . and a low thixotropic index (PS-S m : 1.0; PS-L: 1.2) (9). These measurements, made under specially defined conditions within the shear rate of 100 to 0 s-I, show that solutions of these polysaccharides thin rapidly and reversibly under low shear and may be expected to have good suspending properties.
Chemical analyses on PS-L and PS-S m made by a highly sensitive method (12) showed both to have the same proportion of component sugars. However, Table 3 reveals differences in O-acetyl and pyruvic acid contents. Pyruvic acid values for PS-L and PS-P are similar, whereas the level in PS-S m is significantly less. The acetyl value for PS-S m is also lower than for PS-L.
Discussion
Variation in the Culture
Variation is a recognized characteristic in Xanthomonas species (21) . A series of colonial variants in X. phaseoli has been described (2). Each type produced poiysaccharide; the amount of polysaccharide determined the colony type, correlated with the virulence, and was genetically controlled (3). Serological tests suggested that the same or antigenically similar polysaccharides occurred in the four variants. In a strain of X. campestris, isolated initially as a single cell and maintained on nutritive agar, a few small colonies were found among the normal large mu- coid colonies (23) . The small colony isolate, considered a possible mutant, produced less polysaccharide and was less virulent than the large colony strain (24) . In X. campestris NRRL B-1459, colonial variants now have been shown to develop under certain conditions of culture maintenance on agar media. Previously, under conditions of continuous fermentation, this strain has shown colonial variation (18) or bacterial dissociation (13) . In both culture maintenance and continuous fermentation, the normal large-colony type, which is a vigorous producer of polysaccharide, was displaced by a smaller more pigmented type that produces less polysaccharide. In research on continuous fermentation, the inocula for which consisted of at least 90% L-type cells, steady states were achieved through 6.5 to 8.7 turnovers when a small-type variant became dominant, steady states ended, and polysaccharide production ceased (18) . Standard batch fermentations, run as controls on the inocula for the continuous fermentations, proceeded normally without interference by a variant.
The causes of culture deterioration during continuous fermentation are not known and will require systematic investigation to resolve. However, the unfavorable effects resulting from inadequate glucose concentrations and too frequent transfer on culture stability during stock maintenance may be effective, also, in continuous fermentation.
Use of propagative conditions for maintaining working stock cultures of normal L-type B-1459 strains that are relatively free of variant forms (Table 1 ) has two prerequisites: (i) using a stock slant medium containing sufficient D-glucose to meet the need of the culture without depletion during storage and (ii) limiting transfer to fresh media to once every 2 weeks. Slow metabolism occurs under these conditions, however, and development of variant forms is not completely repressed. An additional prerequisite necessary at intervals of no longer than 3 months is, therefore, to initiate a new series of agar-slant cultures from a fresh lyophil culture.
To preclude genetic change during short-term as well as long-term storage, nonpropagative conditions are widely recognized as necessary. Nonpropagative procedures designed to be more generally practical than lyophilization for shortterm storage have been developed and shown to prevent reversion from normal large colonies to variant-size forms in working stock cultures of NRRL B-1459 (Alberta 1. Herman (Fermentation Laboratory, Northern Regional Research Laboratory), personal communication; Denis K. Kidby (Department of Microbiology, University of Guelph, Guelph, Ontario, Canada), in preparation for publication in Applied Microbiology).
Adherence to these principles of culture maintenance result in inocula consisting predominantly of L-type cells which will produce highquality xanthan in good yields under the established conditions of batch fermentation (16, 17) . Nutritive and environmental requirements already established as basic for xanthan production are inoculum size, suitable nitrogen and mineral sources, pH, temperature, aeration, and length of incubation (16, 17) .
Polysaccharides of B-1459: Comparison of PS-L
and PS-S m 2 These polysaccharides differ in yield, some aspects ofcomposition, and some significant properties. The variant strain produces only about 70% as much polysaccharide (PS-S m ) as does the normal (PS-L). Identical molar ratios of component sugars o-glucose : o-mannose : o-glucuronic acid (2: 2: I) determined for both polysaccharides agree with that of the control (PS-P) (12, 19) . The pyruvic acid substituent of PS-S m , however, is only 56% that of PS-L and 53% of the polysaccharide control (Table 3 ). The significantly lower content in PS-S;" of the quite strongly ionized pyruvic acid may be expected to influence appreciably the polyelectrolyte character of PS-S m • The content of the O-acetyl substituent is also lower in PS-S m than in both PS-L and the control. Identical ratios of component sugars in PS-S m and PS-L, however, indicate that the basic structures must be the same.
The diminished content of pyruvic acid in PS-S m may provide a clue to the weak virulence of small-colony variants of other phytopathogens (2, 24) . Pyruvic acid, which occurs in xanthan (20) and numerous other bacterial polysaccharides as a 4,6-0-(1-carboxy-ethylidene)-ohexose residue, is an immunologic determinant in Rhizobia (5) and certain other capsulated bacteria.
Differences observed in the nature of alcohol precipitates ofPS-L and PS-S m are not fortuitous but are based on chemical constitution and resultant factors such as water-binding capacity, macromolecular dimensions, and conformation. Molecular weight may also be contributory. The lower intrinsic viscosity of PS-S m as compared with that of PS-L is likely to be an indication of difference in molecular weight.
Establishment of the rheological profile through measurement of shear stress vs. shear rate relationships (9) is not sufficiently sensitive to reveal the extent of difference that seems to exist between PS-S m and PS-L. The working yield value of PS-S m (17 dynesjcm 2 ), although lower than PS-L (21 dynesjcm 2 ), is within the range of 12 to 32 dynesjcm 2 observed for numerous PS-P preparations.
When an electrolyte, such as salt (KCl) is added to xanthan solutions, the resultant change in viscosity will differ with the polysaccharide concentration. At 1% polysaccharide, PS-L resembles closely the usual PS-P behavior (10) (Fig. 2) , but PS-S m differs in the lesser augmentation of viscosity at KCl concentrations above 0.2%. The decreased viscosity with salt shown by PS-S m at 0.5% concentration contrasts with PS-L and the usual PS-P preparations, which decrease in viscosity only at levels of 0.25% and lower. If admixed with PS-L, PS-S m polysaccharide would adversely affect the viscosity of dilute solutions in numerous practical applications.
Additional indication of difference between PS-S m and PS-LjPS-P resides in contrasting influence of pH on viscosity in the ranges between pH 3 to 5 and pH 9 to 10 (Fig. 2) . It remains to be established how the magnitude and distribution of ionic charge may affect this behavior.
Data reported here establish the adverse effects of colonial variants on both the yield and properties of xanthan. Further research is necessary, however, to define more exactly the differences between the products of the normal and variant strains and the underlying molecular bases.
Information on structural differences of the polysaccharides from the normal and variant strains, if established, would contribute to understanding the mechanism of xanthan synthesis and the physical and structural features that determine the unusual properties of xanthan.
